To account for the spatial extent of the toroidally shaped plasma and for neutrons scattered from surrounding structures, detector responses were determined with the source positioned at many locations inside the vacuum vessel. Before the generator could be used as a calibration source, a characterization of its total yield and angular emission properties was obtained. The total yield was determined by aluminum activation methods to within f6%, while the angular emission was found to be anisotropic in the forward and reverse cones along the generator axis. After the characterization was performed, the generator was mounted on a moveable track inside the vacuum vessel, where it could be remotely moved across the view of each detector. This paper presents details of the methods and results of the source characterization, together with initial results of the in-vessel D-T neutron calibration. 
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INTRODUCTION
With the imminent introduction of tritium into the TFTR a new in situ calibration of the neutron diagnostic systems was recently performed. Periodic calibrations are required to determine drifts in the detector responses and to determine the effect of structural changes made in and around the torus. Previous results from both TFTR and JET have shown that since most neutron diagnostics detect a significant fraction of neutrons that have lost energy due to scattering, to accurately perform an absolute determination of the detector response an in situ calibration of these detection systems must be performed using a neutron source having the same energy as that emitted by the plasma [ 1,21. Four independent neutron diagnostics were calibrated during this period. A compressed view of TFTR showing the location of the diagnostics targeted by this calibration is shown in Fig.1 . The systems are: 1) The neutron epithermal detectors use moderated U235 and unmoderated U238 fission chambers to measure time resolved neutron source strengths from the TFTR plasmas; 2) The neutron activation system measures the decay products from neutron-activated elemental foils irradiated during high power plasma discharges and provides a measure of time-integrated neutron source strength; 3) the neutron multichannel collimator intermediate system based on NE45 1 scintillation detectors[3] measures time resolved radial profiles and provides an independent measure of the neutron source strength; 4) and the lower level neutron collimator detectors use 4He proportional counters to determine D-T neutron profiles for use primarily during triton burnup and trace tritium experiments. The response of the fission chamber detectors and the activation system have been previously determined using an in situ 14-MeV neutron generator with accuracies of about 15% and 50% respectively [ 1, 4] . The NE451 detectors in the neutron collimator have been previously calibrated using only an in situ Cf-252 source, Both the 4He collimator detectors and the re-entrant irradiation end of the activation system are recent installations and have no previous in situ calibration data. A calibration with a Cf-252 source was first performed to compare current detector responses to previous Cf-252 calibration results. The main effort went into placing a 14-MeV neutron generator into the vacuum vessel and scanning it across the view of each 0-7803-14 12-3$04.00O19941EEE system in order to determine its response to a D-T neutron source. Before it could be used as a useful calibration source, the generator emission characteristics had to be determined. The characterization of the generator and a brief summary of the calibration results are reported in this paper.
NEUTRON GENERATOR EMISSION
A. Neutron Generator Description
The 14-MeV source selected for this calibration is a Model 320 pulsed borehole neutron generator manufactured by MF Physics [5] and used primarily for well logging applications. This generator has a nominal neutron flux of -1x108 n/sec. The sealed neutron tube and associated drive electronics are encapsulated inside of a ruggedized stainless housing 4.3 cm in diameter and 221 cm long. The sealed neutron tube contains a deuterium reservoir, a Penning cold cathod ion source which ionizes the deuterium, and a tritiated scandium target. A pulsed -100 keV power supply applied to the target accelerates the deuterium ions to the target. The frequency of the neutron output pulse can be continuously varied between 200 to 1000 Hz. For our purposes, the generator was operated at 200 Hz. At this frequency, the output pulse width was 500 v s long with -5~105 neutrons produced per pulse so that, taking into account solid angle effects, none of the exposed detectors were close to saturation. A problem in tuning the getter power supply initially occured when the generator was operated in the vessel; after a fix, the generator was found to be reliable and very easy to operate. Through the first 25 hours of operation the emission decreased by -20% and leveled off to a constant output for the last 10 operating hours. The generator averaged 4-7x107 n/s during operation.
B.
Absolute Flux
Absolute determination of the neutron emission from the 14-MeV neutron generator is obtained by neutron activation analysis of aluminum foils placed in two fixed locations perpendicular to the generator target. Since obtaining this data is very time consuming because of the 15-hour halflife of aluminum, the activation measurements were used to cross-calibrate a U238 fission chamber monitor detector securedl to the side of the generator housing which provided absolutely calibrated emission values as a function of time. The monitor detector then normalized a NE451 detector used in mapping the angular emission of the generator. A NE213 detector determined possible contamination of the data from background gamma-rays and provide a measure of the fraction of low energy neutrons from the generator. The response of the four detectors used in this characterization are given in Fig. 2 as a function of incident neutron energy.
The activation measurements consisted of irradiating two foils at a time, each about 1 gram, for a period of -100 minutes. One foil was taped to the top of the generator housing above the target location and the second foil was placed in a thin plastic cradle lO.WO.1 cm below the target center. By assuming that the neutrons are produced from a point in the direct center of the generator housing 2.15 cm from the outer wall and applying a 1/R2 reduction in intensity, the total emission into 4n steradians was determined. However, the foil taped directly to the generator housing gave a value 30% lower than the emission value determined by the foil at 10 cm distance. A total of five different irradiation measurements of up to 200 minute duration further confirmed this result, with the conclusion that the generator does not behave as 1/R2 for the near field inside of the 10 cm radius. For the far field beyond 10 cm, the 1/R2 result was confirmed (Fig. 3) . The monitor detector is calibrated by simultaneously irradiating it and a foil in the 10 cm position and comparing the derived emission from the foil to the monitor counts. The cylindrical detector is 30 cm long by 2.5 cm in diameter and is strapped to the generator with its center point at the target location. The calibration factor of the monitor detector as 0°(7 0 . 1 ' 10 100 D i s t a n c e t o Target compared to the foil located 10 cm away and perpendicular to the target, is 8.4 ? 0.5 x105 neutrons/monitor count. The dominant errors are a 2% uncertainty in the aluminum crosssection, a 4.1% uncertainty in the counting efficiencies of the gamma-rays, a 2% variation in the angular emission in the perpendicular plane of the target, and a 1 % error in positioning the foil. An additional 3.7% variation is seen in the five different monitor calibrations which represent the counting statistics of the aluminum foil activation measurements. When added in quadrature, there is a total uncertainty in the generator emission of +6% at the foil location. Contributions from scattered neutrons are considered negligible since the same calibration factor of the monitor detector is seen both in the calibration facility where the shield walls are 6 meters away as during in-vessel operation where the walls of the torus are 1 meter away. The improved accuracy compared to the 1987 D-T generator calibration [6] is because of reduced errors in the gamma-ray counting efficiency and aluminum cross-section, and improved measurements of the angular emission of the generator (see next section).
C. Anistropic Emission
Neutron emission from a D-T generator using beamtarget interactions is usually isotropic in nature [7] . However due to structural absorption and scattering from the generator components, the emission is seen to vary with angle especially along the generator axis. Since the in situ calibration requires the generator to be scanned past many of the detectors, knowledge of this angular emission is required. A relative calibration of the angular emission was performed using a NE451 detector mounted on a rotating arm which was powered by a precision Slosyn stepping motor geared to rotate in 0.16"increments per motor step. The rotating detector described a semi-circular arc about the midplane of the generator target in the direction designated as 6, ranging from 0"-166'. The generator interfered with the detector rotation at the 166' angle preventing complete angular mapping. The emission varied most in the region along the beam axis at the target end of the generator and in the region perpendicular to the target. An incremental step size of 1.6" was used to map out these locations. Incremental steps of 8" were used for the remainder of the mapping in the regions where the emission is more uniform. In these scans the U238 detector remained secured to the generator and was used to normalize out fluctuations in neutron yield. The experimental layout and the coordinate system employed is shown in Fig. 4 . For these measurements, data were accumulated for 60 s and R was kept at 50 cm in order to provide enough counts at each position so that errors from counting statistics were less than 1% for both the NE451 and monitor detectors. After a scan was complete, the generator assembly was rotated clockwise about its axis by 45" in the direction designated as q, and the scan was repeated. A total of eight scans were made with about 50 points taken along each arc. In this way the emission into 4n steradians was determined. In Fig. 5 the data from cp =O" and cp =180" scans were combined together in polar form to show the relative emission with respect to the generator target location. This shows that the emission is nearly symmetric about the beam axis, but anisotropic in the forward and reverse cone angles. The variation in emission along each of the eight planes determined by performing the integral under each curve is found to be about 2%. The emission perpendicular to the target is -9% lower than the maximum value of emission found at -8 = 65" (Fig.5) . During the in situ calibration each diagnostic uses a different value of emission (counts/monitor count) which depends on its position and viewing angle. A second test was performed where the detector was placed, in turn, at three different fixed 8 positions, at 4 5 O 9 go', and 135" with respect to the beam axis. The generator housing was rotated a complete revolution in incremental steps of 10" and measurements of the emission were made at each position for all three angles of 8. The results shown in Fig. 6 are taken with the monitor detector removed from direct line of sight of the NE451 detector. The k 2% variation in emission further confirms that for a fixed angle, the neutron emission is close to isotropic in the cp direction.
Concern over the possible contamination of the various detector measurements due to gamma background emitted from the generator resulted in our using an NE213 detector with pulse shaping capabilities to discriminate between the neutrons and gamma rays emitted from the generator [6] . The pulse shaping circuitry was first verified using a PuBe source which emits about twice as many gammas as neutrons. The resulting PuBe spectrum is displayed in the upper curve of Fig. 7 and shows the neutron and gamma peaks well separated in channel number. The lower spectrum of Fig. 7 , obtained from the generator, demonstrates that >10 times as many neutrons as gammas are emitted from the generator. This factor, coupled with the natural gamma detection insensitivity of both the calibration and monitor detectors, results in no correction being necessary for gamma background contamination.
a" The NE213 also provides a measure of the high energy neutron output ( >8 MeV) relative to the low energy response of the NE451 detectors (see Fig. 2 ) A higher percentage of low energy neutrons occurs along the generator axis as compared to the more perpendicular angles. Fortunately the forward and reverse cone angles point at the epithermal detectors only when the generator is furthest away from the detector location, minimizing effects from the low energy neutrons. An estimated 2% uncertainty has been included in the final calibration values due to this effect.
IV. IN SITU CALIBRATION
The generator was mounted inside the TFTR vacuum vessel on a rotating transport mechanism that allowed for a full excursion of the source around the torus without personnel entering the vessel. Fig. 8 is a photograph of the generator and transport mechanism located inside of TFTR. The generator target location was mounted along the toroidal midline of the vessel. The long length of the generator constrained its axis to be 15" from tangential to the midline to avoid interference with the outer walls. Personnel were required to be only at the port entrance to feed the generator and monitor detector cable bundle in the vessel while the source was being relocated. The
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toroidal transport mechanism was motorized so that most movements of the source could be done remotely. The monitor detector was strapped to the inboard side of the generator out of line of sight of any detectors and continuously monitored the generator emission. The electronics modules and cabling that were used in the calibration facility were also used for the in situ calibration. Pulse counting as well as spectral data were acquired for the monitor detector for each position. In addition, several times during the two week calibration activation foils were placed on the generator in the same locations as they were during the laboratory characterization and confirmed that the monitor response remained constant. The wide variations in location and configuration of each detector system meant that specially devised calibration procedures had to be performed for each system. 
A.
Epithermal Neutron Diagnostic
The epithermal neutron system consists of four fission detectors spaced radially around TFTR. Only the two U235 fission chambers which have the highest detection efficiency, designated NE-1 and NE-2 were characterized because of the emission level of the generator. Point efficiencies of these detectors. were determined by transporting the generator around the torus in both the clockwise and counterclockwise directions with the generator pointing in the direction of rotation. Dau were taken in about 40 angular positions per excursion. The angular interval varied from 4 O to 16O with the smaller interval being used in the vicinity of NE-1(Bay C) and NE-2 (Bay M) locations. For each detector, there was insignificant difference in the curves of point efficiency versus angle for either orientation of the generator, indicating that source anisotropy was not a problem. The two directions give global efficiencies that differ by 2%. The ratio of detector efficiencies for D-T and Cf-252 sources is 1.55 for NE-1 and 1.56 for NE-2. This substantial ratio underlines the usefulnes of the D-T generator calibration. In previous calibrations, additional toroidal scans were made with the source displaced vertically above and below as well as radially inboard and outboard of the centerline in an attempt to better simulate the plasma volume; however, the volume-integrated detection efficiency was insensitive to the scan position [8] .
B.
Neutron Activation Diagnostic
The generator output of <lo8 nlsec was so low the activation measurements made in irradiation ends were very marginal. Only the re-entrant irradiation end of the activation system was characterized during this calibration. The generator had to be scanned in close proximity to the irradiation end because of its low neutron output. A special tower added to the transport track held the generator to within 15 cm of the foil location when it was located directly below the irradiation port. The generator was scanned to _+ 12' in several different toroidal angles. Silicon and copper foils were irradiated for durations of from 4 to 10 minutes at each location. A single aluminum foil was irradiated for 2 hours. Fig. 9 plots the ratio of the measured fluence to that expected from the directed fluence in free space for each angular point. These data points are being used as a benchmark for neutronics code calculations. The results are found to be consistent with code predictions within the 25% accuracy. 
C.
Multichannel Neutron Collimator1 4He Array
Radial positioning of the generator was incorporated into the transport mechanism in order to map out the acceptance aperture of the collimator flight tubes for 14-MeV neutrons in both the radial and toroidal directions for both sets of collimator detectors. The generator was positioned directly above each flight tube and stepped across each aperture in one centimeter increments in each direction. A comparison of these results for the NE451 detectors to previous results obtained with a similar mapping using a Cf source [9] shows that the derived aperture sizes are nearly identical €or both sources, implying that the shielding material used to collimate each flight tube is sufficiently thick for the higher energy neutrons. This also demonstrates stability of the collimator, since movement of the flight tubes during bakeout and machine operation was considered a possibility. A prototype ZnS dctector located in flight tube ## 6 was installed to measure the neutron attcnuation caused for the detectors below. Measurements both with and without the prototype installed, show the prototype detector causes a 15% attenuation in flux to the detectors below.
The 4He proportional counters were absolutely calibrated at the same time as the ZnS detectors. In TFTR operation to date, D-T neutron production results from bumup of D-D tritons. The 4He neutron spectra measured during TFTR plasma operation where 14-MeV neutrons from triton bumup dominate the plasma neutron emission, is identical to spectra produced during the generator calibration.
V. SUMMARY
The calibration results are summarized in Table 1 , showing the accuracy achieved in the generator characterization and the in situ calibration for each diagnostic. The accuracy's quoted for the in situ measurements were arrived at by combining the uncertainties in the generator characterization as well as the calibration uncertainties such as counting statistics and positioning errors. 
